An experimental and numerical investigation was conducted to study the continuous cooling transformation kinetics for the welding simulation of low-alloy steels. A modified Koistinen-Marburger (K-M) equation was proposed based on the transformation kinetics characteristic of low-alloy steels. The modified K-M equation was proved to be more accurate in predicting the stress evolution of low-alloy by a cyclic uniaxial test. Finite-element simulation of Weldox960 steel welding incorporating the improved martensite transformation kinetics and recrystallization annealing was performed to predict the stress evolution and residual stress. The simulation results indicated that the transformation kinetic equations and the recrystalization annealing both had non-ignorable effects on the stress evolution. In addition, the simulated residual stress based on the modified K-M equation and annealing model compared well with the data measured by the hole drilling method.
Introduction
It is well known that welding residual stress and distortion usually generate during welding process. [1] [2] [3] The residual stress and distortion could be affected by the material physical phenomena during heating and cooling, like the phase transformation, 4) the recrystalization annealing, 5) and the strain hardening. [6] [7] [8] Therefore, numerous researches have addressed the implementation of those physical phenomena into the simulation of welding, especially for phase transformation. [9] [10] [11] Bainite transformation and martensite transformation often take place during cooling for steels. 12) For the kinetics model of bainite transformation, most researchers have used the Johnson-Mehl-Avrami-Kolmogorov (J-M-A-K) equation to calculate the volume fraction of bainite during cooling. Deng 13) has studied the effects of phase transformation on residual stress and distortion, finding that transformation has little effect on welding distortion and residual stress for steels which have a high transformation temperature, such as bainite transformation. But for martensite transformation, the effects are considerable large. Taljat et al. 14) have studied the transformation effects on residual stresses of arc welding, declaring that volume changes associated with the martensite transformation significantly affected residual stresses in the weld fusion zone and the heat affected zone. Cho et al. 15) have compared the effects of phase transformation on the residual stresses of medium carbon steel and low carbon steel. They found that compressive residual stress formed due to martensite transformation for medium carbon steel. Vincent et al. 16) have investigated the axial stress evolution based on the "Satoh" test involving austenite, martensite and bainite transformation, declaring that transformation-induced plasticity played an important role in the stress evolution.
For martensite transformation, many researchers have employed the Koistinen-Marburger (K-M) equation 17) to predict the martensite fraction, but most of them have referred it without any modification, even for low-alloy steels. However, the alloying elements have significant effects on the martensite transformation start temperature and the transformation rate. 18, 19) On the other hand, the recrystalization annealing also has non-ignorable effect on the stress evolution during welding, but few studies focus on the annealing model. 20, 21) Hence, a more accurate and efficient coupled model is urgently necessary for welding simulation, which can help in better understanding the evolution of stress and its influencing factors.
22)
In this work, a modified K-M relationship was proposed to describe austenite-martensite transformation. In order to verify the accuracy of the modified model, a cyclic uniaxial test, which consisted of heating and cooling while the ends of the specimen were fixed, was conducted. Weldox960, a type of low-alloy ferritic steel used for shipbuilding and structural component of track crane, was used in the study. Both the experiment and simulation on plate fusion welding were carried out to study the welding stress evolution considering the effect of martensite transformation and annealing.
Modified K-M Equation

K-M Equation
Researchers preferred to use the K-M relationship to describe the martensite transformation:
where ξ M is the fraction of martensite; T is the temperature during cooling; M s is the initial transformation temperature; and α characterizes the evolution of the transformation process according to temperature. For carbon steel, the value of α is 0.011. 23) However, for the low-alloy steels, K-M equation is not appropriate. 18, 19) Take the low-alloy steel Weldox960 as an example, in order to obtained the martensite volume fraction during cooling, the free expansion test was conducted using Gleeble 3 500, a thermal-mechanical simulator which was widely used for thermal simulation, and the free expansion curve was measured by the thermal dilatometer. During the thermal cycle, the maximum temperature, heating rate and cooling rate were 1 000°C/s, 100°C/s and 20°C/s, respectively. The transformation temperature and martensite volume fraction can be calculated from the expansion curve, 24) and the martensite transformation volume fraction as a function of temperature obtained by experiments and simulations is shown in Fig. 1 .
It can be seen that, the martensite volume fraction could not be described accurately, even when the value of α was optimized. The measured M 90 (temperature at where the martensite volume fraction is 90% ), was about 330°C, while the calculated M 90 were 193, 346 and 357°C as the values of α were 0.011, 0.04 and 0.05, respectively. The transformation rate was very high when the martensite volume fraction was below 50%, while the rate was relatively low when the volume fraction was between 50% and 99%.
Modified K-M Equation
As shown in Fig. 1 , significant volume fraction errors existed between the K-M equation and the experimental data, expressed as Δξ. The relationship between Δξ and temperature is shown in Fig. 2 . It can be seen that with the decrease of the temperature, the volume fraction errors increases first and then decreases, and the curve is approximately parabola. The biggest error Δξ max appears when the temperature is M B , and the value of M B is approximately equals to the average value of M s and M f . M f is the temperature when the martensite volume fraction is 99%. In addition, the parabola is not pretty symmetrical, and the slope of the parabola is a little larger when the temperature is high.
Considering the above features, a correction function ϕ ξ ( , ) T M was added to the modified K-M equations, which were expressed as following, (4) where β characterizes the value of the volume fraction error, which is related to the material types. The correction function ϕ ξ ( , ) T M is a quadratic function of temperature, and the factor ( ) 1 − ξ M reflects the asymmetry of the parabola. The comparison between K-M equation and the modified K-M equation with the measured volume fraction as a function of temperature is shown in Fig. 3 . Where, Fig. 3(a) shows the results of Weldox960, and 
Cyclic Uniaxial Test
In order to verify the accuracy of the modified K-M equation, a cyclic uniaxial test was conducted numerically and experimentally. The cyclic uniaxial experiment was conducted on Gleeble 3 500, a thermal-mechanical simulator which was widely used for thermal simulation. The lowalloy ferritic steel Weldox960 was used in the experiment. The geometry of the test pieces and the diagram of the testing apparatus are shown in Fig. 4 . Temperature-dependent thermo-physical and mechanical properties of Weldox960 are presented in Figs. 5(a) and 5(b) , respectively. Poisson ratio is set to 0.28 in the simulation.
During the cyclic uniaxial test, the samples were heated by alternating current, and then cooled to the room temperature. The heating rate was set to 100°C/s and the maximum temperature is about 1 000°C. The cooling rate was set to 20°C/s to ensure the generation of martensite. The ends of the specimen were fixed during the heating and cooling process.
In the numerical simulation, the same heating process, cooling process and constraint condition were conducted using the commercial finite element software ABAQUS. The K-M model and the modified model were considered individually in order to evaluate the accuracy.
The evolution of the axial stress is shown in Fig. 6 . The development of axial stress during heating and cooling can be clearly observed, which agrees well with early researches. 3, 25) There are two features which are noteworthy.
First, because the transformation rate of martensite according to the K-M equation model is much higher than that of the modified K-M equation model, the stress diminishment rate is much bigger at the beginning of the transformation. As the austenite of the former model will be exhausted earlier, the tensile stress accumulation because of the thermal contraction during the following cooling process is a little bigger. The second observation is that the final axial stress of the simulation and experiment is quite large at ambient temperature. That's because the transformation commences at a relatively high temperature and the austenite is exhausted at about 250°C. A large tensile stress will be accumulated because of thermal contraction. On the other hand, because the residual stress state during welding is multiaxial stress state, it is necessary to study the stress generation under welding.
Welding Simulation
Welding Process
A single pass fusion weld was conducted using tungsten inert gas (TIG) welding process along the centreline of the steel plate. The steel plate was 300 mm × 200 mm × 6 mm in dimension. The welding voltage, welding current and welding speed were 18 V, 190 A and 200 mm min . The material used in the experiment and simulation is Weldox960 and the material properties are presented in Fig. 5. 
Residual Stress Measurement
The hole drilling method, which was widely used in the measurement of residual stresses, 26) was performed to evaluate the welding residual stress. The drilling diameter and depth were both 2 mm in the experiments. The detailed procedure for the residual stress measurement is described in ASTM standards with a designation E837-95. 27) 
Finite Element Modeling
Finite Element Model and Materials
The evolution of the welding strain and the residual stress was investigated by employing the thermal-elastic-plastic finite element method. Isotropic hardening model was used in the simulation. The 3D FE model using 8-node hexahedral element is shown in Fig. 7 . This model contains 40 508 elements and 46 584 nodes.
Thermal Analysis
Because the rate of heat generation due to mechanical dissipation energy can be neglected in the heat transfer analysis, a sequentially coupled thermal-stress analysis is commonly applied for the simulation of a welding process, in which a thermal analysis is followed by a stress analysis. In this study, a sequentially coupled thermal-stress analysis was conducted with a double ellipsoidal distribution proposed by Goladk et al., 28) which was widely used in the simulation of welding process. Detailed description of the heat source model can be seen in early researches. 8, 13) 
Annealing Model
During the welding process, new strain-free grains nucleate and grow to replace those deformed due to internal stresses as the temperature comes up to a certain value, namely recrystallization. It is found that the recrystallization requires a minimum temperature, or recrystallization annealing temperature, T m . T m decreases with annealing time and differs with the content of alloy elements. Because of the nucleation and growth of the undeformed grains, the material starts to lose its plastic strain and hardening memory. This is important to the work hardening and the yield strength during the cooling stage. Smith et al. 6) claim that the application of the annealing facility of ABAQUS tended to induce discontinuities in equivalent plastic strain and yield strength. In order to decrease the discontinuities, an improved annealing process was applied in the simulation. The material was set to recrystallize at the temperature of T m s , and to lose its hardening memory linearly until T m . Above the annealing temperature T m , the equivalent plastic strain is set to zero, as well as the isotropic hardening. The user subroutine UHARD of ABAQUS is used to implement the improved annealing process based on the isotropic hardening model. where ε eq * is the modified equivalent plastic strain, ε eq is the calculated equivalent plastic strain without annealing model, T is the temperature during welding. T m s is the initial recrystallization temperature, T m is the annealing temperature.
In the simulation, a mixed hardening model of isotropic hardening and kinematic hardening was used to describe the strain hardening of Weldox960. The mixed parameter, which defines the proportion of isotropic hardening model, is set at 30% and the stress-strain curves at room temperature obtained by the experiment and simulation are shown in Fig. 8 . The cyclic test results at different temperatures were used to fit the parameters of the mixed hardening model.
Results and Discussion
Welding Stress Evolution
The relationship between the longitudinal stress and the temperature in the weld bead of Weldox960 with different annealing temperatures is shown in Fig. 9(a) . The influences of the annealing temperature are clearly displayed in the figure. As the performance of recrystalization annealing was not taken account, the tensile stress in the cooling stage was much higher because of the strain hardening. Meanwhile, the stress slightly decreased with lower annealing temperature. The reason is that the strain hardening recovered at the temperature of T m , and the higher the annealing temperature, the greater the hardening strength generated. In summary, there is a big difference as whether or not considering recrystalization during simulating the residual stress. However, it seems that the stress was slightly affected by the annealing temperature. Figure 9 (b) shows the longitudinal stress history in the weld as a temperature function for K-M equation and the modified K-M equation. The annealing temperature is 800°C. According to the figure, it can be seen that during cooling, the longitudinal stress increased to a relatively large value. With the temperature descending further, the tensile stress decreased rapidly because of the volume change due to martensite transformation. For different kinetic equations, the transformation rate and the evolution of stress were different. When the transformation rate was high, martensite transformation would finish at a relative high temperature. Therefore, the stress release would be greater at beginning of the transformation. With the further cooling, thermal contraction would lead to the generation of tensile stress.
Because of that, the final stress release decreased with the increase of the transformation rate. The simulation results demonstrate the need to have a reliable kinetics model for phase transformations if accurate residual stresses are to be predicted. Figure 10 shows the comparisons between the predicted residual stresses and the measured data using the hole drilling method. Both of the simulation and experimental results indicate that the maximum values of the longitudinal stress located at the heat affected zone (HAZ) rather than the weld bead. Phase transformation reduced the longitudinal stress and shifted the peak of the tensile stress to the HAZ. The results of the developed numerical analysis procedure show a very good agreement with the experimental data.
Residual Stresses
Conclusions
In this study, a 3-D thermal-elastic plastic model was established to simulate the welding process. A modified K-M relationship and an improved annealing process were proposed to analyze the effects of the Martensite transformation and the recrystalization annealing.
The modified K-M relationship is more accurate in predicting the martensite volume fraction. The cyclic uniaxial test provides further evidence that such the improved equations are more suitable for the prediction of the uniaxial stress evolution of low-alloy steels.
The improved transformation model and the annealing model were applied to the simulation of plate fusion welding. The simulation result indicates that the martensite transformation rate caused by different kinetic equations has non-ignorable effects on the evolution of stress during welding. On the other hand, the residual stress slightly decreased with lower annealing temperature and it is much lower than that without taking account the performance of recrystalization annealing.
